Based on the sensitivity analysis at annual, monthly and daily scales, parameters of the Xinanjiang model could be divided into three groups and optimized independly without considering the effects from other groups. This paper focuses on the optimization of data adjustment parameters, C p and C ep , which are sensitive at annual scale. The concept of aridity index is introduced into the optimization process, and proposed a relationship describing C p and C ep as a function of annual runoff coefficient and pan aridity index. Three different methods are developed to estimate the value of C p and C ep in ideal condition and actual practice respectively. The results show that, compared with optimizing C p and C ep independly, the method considering the relationship of runoff coefficient and pan aridity index will narrow the parameter space, and keep the same accuracy. The effectivity of method using the simple linear relationship will depend on the length of data series and correlation between annual runoff coefficient and pan aridity index.
INTRODUCTION
The Xinanjiang model developed by Zhao et al. 1) has been widely applied in humid and semi-humid regions of China and many countries. As its structure is simple and the parameters are relatively easy to confirm comparing with the other popular distributed hydrological models, Xinanjiang model is widely used in the field of runoff simulation, hydrological prediction, water resources assessment, design flood estimation, water project programming, water quality accounting and so on.
The main feature of the Xinanjiang model is the concept of runoff formation on repletion of storage, which means that runoff is not produced until the soil moisture content of the aeration zone reaches the field capacity, and thereafter runoff equals the rain fall excess without further loss. the rainfall-runoff process is consisted of four major parts:
(1) the evaporation part which generates the deficit of the soil storage in three layers; (2) the runoff production part which produces the runoff according to the rainfall and soil storage deficit which is divided into upper, lower and deeper layers; (3) the runoff separation which divides the determined runoff into three components: surface, subsurface and groundwater; (4) the flow routing part which transfers the local runoff components to the outflow in the outlet.
The inputs to Xinanjiang model are areal mean rainfall and measured pan evaporation, while the outputs are the discharge from the whole basin.
If the whole basin was small enough that not need divide into sub-basins, there will be 15 parameters in the Xinanjiang model ( Table 1) . Finding appropriate parameter values becomes an important work before model calculation. The SCEM-UA (Shuffled Complex Evolution Metropolis) algorithm 2, 3, 4) has been found to be more efficient and effective for model calibration than a variety of popular methods such as Simplex method, Genetic Algorithm, and so on 5, 6, 7) . However, there are still some problems to use SCEM-UA algorithm for parameter optimization of Xinanjiang model. The difficulties are mainly caused by two factors: the large number of parameters needing to be calibrated, and the complex relationship and interaction among parameters.
A solution to these problems is trying to reduce the dimension of optimization. Lu et al. 8) investigated the sensitivity of parameters in Xinanjiang model at annual, monthly and daily time scales. The total 15 parameters • Group 1: parameters for data adjustment, which are sensitive at annual scale.
• Group 2: parameters controlling runoff component separation and routing, which are sensitive at daily scale.
• Group 3: parameters controlling runoff generation, which are sensitive at annual scale when parameters in Group 1 are set constants.
Based on the sensitivity analysis, parameters in one group could be optimized independently without considering the interaction from other groups 9) . In this paper, the attention is concentrated on the parameters for data adjustment, namely C p and C ep . The concept of aridity index is applied to contact C p and C ep with annual runoff coefficient and pan aridity index. Three different methods are developed to estimate C p and C ep in study basin in ideal condition and actual practice respectively. And the optimum results are compared with each other.
FUNCTIONAL FORMS OF ARIDITY INDEX
There have been a number of studies that describe the evaporation ratio (E/P, the ratio of annual evaporation to precipitation) as a function of the ratio of annual potential evaporation to precipitation (E p /P), which is commonly known as the aridity or dryness index (ζ) after Budyko 10) .
At present, there are many functional forms available to represent the relationship between the evaporation ratio and the aridity index.
Schreiber 11) developed a simple formula in the form
Ol'dekop 12) developed a similar relationship to that of Schreiber but used a hyperbolic tangent relationship.
Budyko 13) found that water balance data from a number of catchments, when plotted, lay between the curves proposed by Schreiber and Ol'dekop. Therefore, He accordingly proposed the geometric mean of the two relationships in the form Fig.1 shows evaporation curves predicted by three functional forms describing above. In these three functional forms, the Schreiber's functional form is easy for practical calculation, especially for logarithmic transformation. While Budyko's functional form fits measurement data better than the other two functions. To synthesize advantages of these two functions, an adjustment coefficient α is introduced to Schreiber's functional form in the form
The adjustment coefficient α could help to fine-tune the evaporation curve to fit measurement data. If using curve calculated by Budyko's function as reference, the value of α will be around 1.15.
APPLICATION OF ARIDITY INDEX
For a given basin, the annual water balance equation can be written as
where P and E are basin wide areal mean rainfall and actual evaporation, and R is the annual runoff depth.
By introducing the aridity index with modified Schreiber's functional forms to equation 5, it becomes
Considering data adjustment,
where P g is areal rainfall calculated from ground based rain gauge, and E pan is annual pan evaporation.
Abiding by Budyko's definition, the ratio of annual pan evaporation to precipitation, E pan /P g , is defined as pan aridity index (ζ g,pan ) in this paper. And the ratio of annual runoff to precipitation, R/P g , is commonly known as runoff coefficient. Therefore
Li and Lu applied the similar relationship to optimize C p and C ep by using aridity index with other functional form 14) . Because the precipitation, pan evaporation and runoff are all routine measurement items for hydrometric station, the value of runoff coefficient and pan aridity index are easy to obtained from these data. Thus the values of R/P g and ζ g,pan could be estimated from these data. In this condition, once either of C p and C ep is determined, the rest variable could be solved quickly. In other words, C p and C ep could be optimized in the space which is determined by the range of annual runoff coefficient and pan aridity index. Furthermore, taking the logarithm form of equation 8,
If we plot points using ζ g,pan as X variable and ln
) as Y variable, the equation 8 will be transformed to a simple linear relationship as follows: where m and n are coefficients and could be estimated by curve fitting. Therefore, the values of C p and C ep are obtained:
In this way, C p and C ep could be calculated directly without optimization. However, the accuracy of this method will mostly depend on the relativity of logarithmic runoff coefficient and pan aridity index, and the length of data series.
CASE STUDIES
The original data used in this study is obtained from the U.S. MOPEX data set 15) . The basin with USGS ID 3504000 is chosen as study basin in this paper. This basin is located in the Nantahala River near Rainbow Springs, NC (83.62°W, 35.13°N), with drainage area of 133.12 km 2 ( Fig.2) . It is a small humid subbasin belonging to the Upper Tennessee Basin. The ratio of annual precipitation to potential evaporation is 2.08. MOPEX provides 54 years (1948-2001) daily mean areal precipitation data (MAP) calculated from gauge precipitation data of 7 stations. And the daily potential evaporation data is provided by a sinusoid in one year.
(1) Ideal case It is clear that even though the measurement instruments are very sensitive and precise, the observed error could not be avoided completely. In order to reduce the impact of measurement errors, a series of 'perfect' runoff data was used as reference data instead of the observed runoff. This perfect runoff data is generated by the Xinanjiang model directly with a given set of parameters listed in Table 2 . Fig.3 shows the relationship of annual aridity index (E p /P) and evaporation ratio (E/P) in study basin. The curve predicted by equation 4 with α = 1.15 behaves a good fit to measurement points, which demonstrates the feasibility of aridity index in this basin. And the statistics of annual runoff coefficient and pan aridity index in study basin are summarized in Table 3 .
The values of C p and C ep are estimated in three different ways: Table 3 , the range of runoff coefficient is set from 0.65 to 0.85, which is a little wider than statistical observed values in order to ensure that all the conceivable change of runoff coefficient are contained. The value of pan aridity index is set to be constant using the mean value of annual (0.3906). After this, the transformation function is expressed as
• Method 3: Calculate annual runoff coefficient and pan aridity index for every year. After plotting the ζ g,pan ∼ ln
) points, the fitting curve is constructed with criterion of least squares (Fig.4) . In this case, the function of fitting curve is Y = −0.8812X + 0.0922 with correlation of 0.7736. Then C p and C ep are calculated by using equation 11.
The SCEM-UA algorithm is selected to carry out the optimization process in Method 1 and Method 2. The SCEM-UA algorithm generates series of sample points randomly in the feasible parameter space and evolve them to search the optimum point. The Gelman and Rubin 16) scale reduction factor of less than 1.2 is used to declare convergence. The optimization process will stop when convergence criteria are satisfied. Otherwise, the process will stop until the maximum number of iterations (500000) is exceeded.
To reduce the effect from initial setting, the optimization process is carried out twice. The second iteration will start from the values that optimized by the first iteration. And the result of second iteration is chosen to be optimal. Table 4 showes the comparison of Optimum values of C p and C ep evaluated by the three methods describing above. It could be seen that all the cases get acceptable results and the optimum values approach the true values nearly. The results of Method 1 and Method 2 are almost the same, which means the method considering the relationship of runoff coefficient and pan aridity index will narrow the parameter space, and keep the same accuracy as optimizing C p and C ep independently. That supply a relative exact range to estimate the values of C p and C ep . Because in actual practice, we will know little information about C p and C ep . The optimization spaces have to be broad in order that the true value will be included in the parameter spaces and have chance to be searched. Introducing the relationship of runoff coefficient and pan aridity index into optimization process will avoid this weakness and improve efficiency of optimization.
In addition, Method 3 behaves best in all three cases, which indicates a simple and efficient shortcut without 
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Cep , where RE is the relative error. complex calculation or long-time optimization. However, this successful case is based on the good fit of observed evaporation ratio to the curve predicted by modified Schreiber's functional form. In other words, the key issue to determine whether this method is available or not for a given basin, will be the length of data series and correlation between annual runoff coefficient and pan aridity index.
(2) Real case
The three methods show quite acceptable results in ideal condition, then the efficiency of these methods in actual practice is tested here. The observed runoff data are used as reference. In this case we do not know how the relationship between annual aridity index (E p /P) and evaporation ratio (E/P), but we can assume that the measurement points and the curve predicted by modified Schreiber's functional form are fitting well. The statistics of annual runoff coefficient and pan aridity index are summarized in Table 5 .
The calculation processes of three methods are similar as describing in ideal case: Table 5 , the range of runoff coefficient is set from 0.54 to 0.85. And the value of pan aridity index is using the mean value of annual (0.3906). The transformation function is expressed as
• Method 3: When plotting the ζ g,pan ∼ ln
) points, the function of fitting curve is Y = −0.8960X− 0.0046 with correlation of 0.3751 (Fig.5 ). Then C p and C ep are calculated by using equation 11.
The calculation results of three methods are summarized in Table 6 . Because the true values of C p and C ep are unknown in this case, the efficiency of Nash and Sutcliffe 17) is used to assess the results:
where Q s is the simulated annual runoff calculated by optimum parameters, and Q o is the observed annual runoff. 
DISCUSSION AND CONCLUSION
This paper introduced the concept of aridity index and its functional forms. By combining aridity index with optimization of data adjustment parameters, C p and C ep , three different methods are developed and tested their effectivity and efficiency in ideal condition and actual practice respectively. From results, it is possible to conclude (1) Compared with optimizing C p and C ep independently, the method considering the relationship of runoff coefficient and pan aridity index will narrow the parameter space, and keep the same accuracy.
(2) The effectivity of method using the simple linear relationship is less stable than other methods. It will depend on the length of data series and correlation between annual runoff coefficient and pan aridity index. Considering timeconsuming, this method could be a preparatory to confirm the distribution range of C p and C ep .
